Graphenes bonding forces in graphite are widely known as an example of the van der Waals forces. Well-known experimental facts relative to graphite negate this. A comparison of physical properties of graphite and molecular crystals and metals is shown. A model of dominant weak metallic bonding forces between graphenes is proposed. Brief theoretical background to the model is given.
Introduction
Graphite is a very well-known allotropic form of carbon. Carbon atoms in graphite planes are covalently bonded to three neighbours in plane with atoms placed in corners of hexagon. These planes are called graphenes. Lattice constants "a" and "b" in graphene are identical and equal to 0.2456 nm (2.456Å). A distance between neighbour atoms (length of bond) is 0.1418 nm (1.418Å) .
Bonds between the graphenes are very weak. There are two types of graphite, which are called hexagonal and rhombohedral. The first type forms a sequence of ABAB graphene layers in which bonding energy is lower than in the second type (ABCABC sequence). This means that in the hexagonal graphite every second graphene layer is identical, that is all atoms have the same position in plane. In the rhombohedral graphite positions of atoms are identical in every third layer. The lattice constant in the direction perpendicular to graphene is c = 0.6694 nm (6.694Å) for hexagonal type of graphite. A distance between neighbour graphenes is c/2 = 0.3347 nm (3.347Å). It is obvious that the hexagonal graphite is more common than the rhombohedral one.
Weak forces between graphenes suggest that they are the van der Waals forces. One can find such a conclusion in the Valence by Coulson [1] . As the van der Waals forces are forces between induced electric dipoles, there should be no electrical conductivity in the direction perpendicular to layers and very low thermal conductivity in this direction. Another conclusion is that molecular crystal graphite should have a low melting point temperature.
Bonding forces of graphene are very weak, comparable with these in molecular crystals. Such forces in molecular crystals are the van der Waals forces resulting from the induced polarity. Because of weak forces between graphenes it was assumed that they are the van der Waals forces.
And therefore, the prominent quantum chemist Coulson in his book from 1961 entitled Valence [1] wrote on page 391: "The distance between successive planes is 3.35Å, a value so large that it can only arise from van der Waals forces". And further he wrote consequent but incorrect ". . . and in fact graphite does show a small electrical conductivity in its basal planes, but not across them". This is obviously wrong, because simple physical measurements deny this fact.
But also unfortunately in the Polish Physics Encyclopaedia [2] under the watchword "graphite structure" we can read "The atoms placed in the corners of regular hexagon with a side length of 0.142 nm are bonded by valence forces. The distance between the layers (graphenes) is 0.335 nm. The layers are probably bonded by the weak van der Waals forces".
Even nowadays in scientific publications and handbooks the forces between graphenes are still described as the van der Waals forces.
Experimental facts
Let us remind what is typical of molecular (van der Waals) crystals: 1. Low melting point temperature (a few centigrade to about 300
• C).
Very small electrical conductivity (resistance of the order 10
15 Ω m). 3. Small thermal conductivity (order of 10
. Graphite should show such features, if really bonding forces between graphenes would be of the van der Waals nature.
But for graphite we can observe:
1. Melting point about 4000 K under high pressure (under normal pressure over 3000 K it sublimates very fast).
2. Electrical conductivity along the graphene layers of the same order as for best conducting metals. Electrical conductivity in the direction perpendicular to the graphene layers about 300 times smaller than along them, but still much higher than that observed for semiconductors in room temperature.
3. Graphite shows relative good thermal conductivity and therefore it is used as a smearing material in the case when simultaneously good thermal conductivity is required.
On the basis of the above experimental facts, the model describing graphite as a molecular crystal, that is a crystal with the van der Waals forces as dominant forces between graphenes, has to be rejected. But similarly to the magnetic properties of solids, where a small admixture of diamagnetism is present in paramagnetics and ferromagnetics, a small admixture of the van der Waals forces may be present in the interaction between graphenes.
Schmidt [3] as the first considered a metallic model of graphite. Some other authors, for example Kuhn [4] , involved a similar idea. All these papers aimed to find the relation between atomic and molecular orbitals in graphite. Cross interactions related to π-electrons were neglected in these papers. Our model of graphite involving metallic bonding forces (Fig. 1 ) was presented in a preliminary form in 1996 [5] . We assume in this model that there are weakly positive charged graphene layers in graphite playing a similar role as positive ions in crystal lattice of metals. Between graphenes delocalised π-electrons are moving. The quantity of the delocalised π-electrons is very small. We determined this on the basis of the analysis of g-factor in graphite and nanotubes [6] (see Table I , Fig. 2 , and equations below):
where n is carrier concentration, m * -effective mass and indexed g denotes values of g-factor in the configuration shown in Fig. 2 . [8] 0.045 [9] g ab = 2.0026 [7] MWNT g ⊥ = 2.0103 5.9 × 10 −5 [11] 0.012 [12] g = 2.0137 [10] electrons per atom) is a cause of weak metallic bond force between graphene layers. Because metallic forces in graphite are of the same order as for the van der Waals bonds, it was the origin of wrong conclusion that graphenes are bonded by the van der Waals forces. The statement that the metallic model (model of very weak metallic forces) for graphene bonds is right, gives a good explanation of three observed physical properties of real graphite crystal (electrical conductivity in c axis direction, melting point of graphite, thermal conductivity in c axis direction).
Theoretical studies of Santos and Villagra [13] concerning the description of forces between graphene layers give a good support to this phenomenological model based on EPR investigations. They have used the Thomas-Fermi-Dirac (TFD) method including the full Kirznits correction. The correction describes the energy of definite electron configuration. The method is a kind of semi-empirical Hartree-Fock self confirmed field method. This is the first method that gives a negative energy for the definite distance of two graphene layers (Fig. 3) . The Kirznits correction used by authors is composed of two terms
where ρ -volume density of electric charge, V -volume. The first term describes the case of inhomogeneities when charges are point--like, and the second one when charges are distributed on the plane, which is the case of graphite. The newest results of Novoselov et al. [14] for the Dirac fermions in graphene are giving a good support to our model of interlayer forces in graphite. We are convinced that in the future the model of metallic forces between graphene layers will be used as a dominant mechanism of bonding graphenes.
Summary
Graphite seems to be a very well-known material. Knowledge about its properties is not consistent with the theoretical description. A comparison of some physical properties of graphite to metals and molecular crystals is shown in Table II . [17, 18] This comparison leads to the conclusion that the graphene bonding forces are dominantly metallic not van der Waals. Theoretical calculations by Santos and Villagra [13] with the full Kirzhnits correction support this model. As a conclusion graphite is an anisotropic crystal with atoms covalently bonded in planes (graphenes) with the admixture of metallic bonding. Exceptionally good electrical transport is relative with extremely high mobility along planes. Graphenes are bonded by metallic forces with a very small concentration of electrons and relatively low mobility across graphenes. Metallic forces are a small admixture to the covalent forces in planes and they are dominant forces between planes (may be with a small admixture of the van der Waals forces).
